Abstract. Competition for adhesion to cellulose among the three main ruminal cellulolytic bacterial species was studied using differential radiolabeling ( 14 C/ 3 H) of cells. When added simultaneously to cellulose, Ruminococcus flavefaciens FD1 and Fibrobacter succinogenes S85 showed some competition; however, both species were surpassed competitively by Ruminococcus albus 20. When R. flavefaciens FD1 and F. succinogenes S85 were already adherent, R. albus 20 adhesion occurred without inhibition but involved R. flavefaciens FD1 detachment.
(Amersham, 7.4 MBq/ml, 2.11 GBq/mmole) or 370 kBq/ml of sodium [ 3 H] acetate (Isotopchim, 370 MBq/ml and 740 GBq/mmole). Bacteria were harvested, washed, and resuspended as previously described [9] except that all steps were performed anaerobically. The 14 C-uptake, determined by measuring the radioactivity and the dry weight of 5 ml cell suspension, was similar for the three species (ca 4 MBq/mg cell dry weight).
Adhesion assay.
To underline competition for adhesion between two species (one labeled with 14 C, the other labeled with 3 H), the percentage of adhering cells of each species in coculture was compared with the percentage obtained in the respective monoculture. To be able to do this comparison, the adhesion assay was standardized so that the species under consideration was maintained under the same experimental conditions (i.e., cell density, volume, cellulose concentration, and time of contact with cellulose) in monoculture and in coculture. In monoculture, the adhesion assay was performed by adding 5 ml labeled cell suspension (o.d. 600 nm 5 1 6 0.1) to tubes containing 50 mg of microcrystalline cellulose Sigmacell 20 [17] . The mixture was gently shaken for 45 min at 39°C. At an o.d. of 1, the cell dry weight/ml of F. succinogenes S85 (0.65 6 0.1 mg/ml) was 1.2 and 1.3 times greater than that of R. albus 20 and R. flavefaciens FD1, respectively.
Competition experiments. The two species under consideration were incubated with cellulose either simultaneously or sequentially. In simultaneous assays, cellulose was added to tubes already containing the two species. To perform the assay with the standard conditions described above, the two species were mixed as follows: the 14 Cbacterial suspension (5 ml, o.d. 5 1) was centrifuged (3000 g, 15 min), the supernatant was removed, and the 3 H-bacterial suspension (5 ml, o.d. 5 1) was mixed with the 14 C-bacterial pellet. For sequential assays, cellulose was added to the first species (5 ml, o.d. 5 1) and left in contact for 45 min, after which bacteria and cellulose were sedimented (3000 g, 15 min). Supernatant was removed and the second species added (5 ml, o.d. 5 1). The mixture was strongly shaken and adhesion was allowed for a further 45 min. In these assays, the first species was in contact with cellulose for 90 min, so the adhesion assay for this same species in monoculture was also performed for 90 min. Whichever the assay (monoculture or coculture), cellulose was sedimented (500 g, 1 min) and, after removal of the supernatant, washed with mineral buffer (5 ml) to eliminate weakly attached or entrapped cells. Scintillation liquid (10 ml, Instagel, Packard) was added to the washed cellulose resuspended in 5 ml mineral buffer and to the supernatants. Radioactivity was measured in a liquid scintillation counter (Packard, Tri-carb 2000CA). Percentages of adhering cells were determined by calculating the ratio of the radioactivity bound to cellulose to total radioactivity. For all experiments, the total recovery of radioactivity represented 95 6 5% of the radioactivity of input cells.
Statistics.
In the tables, the percentages of adhering cells are given as means 6 SD of four determinations. For each competition experiment, the percentage of adhering cells in coculture was compared with that obtained in monoculture with the Student t test. Variance analyses (single factor) were performed to study adhesion differences among the three bacterial species and for each species between experiments with different inocula.
Results
To underline adhesion competition, adhesion sites on cellulose must be limited for the three species. A preliminary experiment showed that, under the conditions used for the adhesion assay, this prerequisite was fulfilled. In this experiment, cells cultivated overnight were resuspended, under CO 2 , in reduced mineral buffer at an o.d. of 1 and mixed with increasing amounts of cellulose (0.2, 0.5, 1, 2, 3, 4, 5%). The mixture was gently shaken at 39°C for 30 min. The percentage of adhering cells was determined for the three species by the o.d. method of Minato and Suto [5] . Figure 1 shows that the percentage of adhering cells did not increase between 2% and 5% cellulose for the ruminococci nor between 3% and 5% for F. succinogenes S85, indicating that cellulose is in excess. Consequently, at 1% cellulose and below, the adhesion sites were limited for the three strains. We decided to use 1% cellulose to have relatively good adhesion rates for the three strains. Another preliminary experiment showed that, after 45 min of contact with limited cellulose, adhesion was optimal for R. flavefaciens FD1 and F. succinogenes S85, and nearly optimal for R. albus 20 (data not shown).
In monocultures, with different inocula, the adhesion ranged from 63% to 87% for R. albus 20, 57% to 82% for R. flavefaciens FD1, and 25% to 67% for F. succinogenes S85 (Tables 1 to 3 ). Despite these wide, significant variations (P # 0.01), the average adherence of R. flavefaciens FD1 (71 6 12%) and R. albus 20 (74 6 8%) was greater (P # 0.01) than that of F. succinogenes S85 (51 6 16%). With the same inoculum, the variability of the adhesion rates was much less significant, as shown by the relatively low standard deviation of all the results presented in the tables. However, in one experiment, with the same inoculum of F. succinogenes S85, the percentage of adhering cells was 46% in the simultaneous assay, while it was 62% in the sequential assay (Table 3) . Since the time of contact with cellulose in each assay was respectively 45 and 90 min, it appears that, in this experiment, F. succinogenes S85 continued to attach after 45 min of contact with cellulose.
When R. flavefaciens FD1 and R. albus 20 were mixed simultaneously, adherence of R. flavefaciens FD1 decreased markedly, but R. albus 20 adherence was not affected (Table 1 ). In the sequential assay with R. flavefaciens FD1 initially attached to cellulose, its adhesion dropped by an average of 50% when R. albus 20 was added. Overall, adhesion of R. flavefaciens FD1 was strongly inhibited (52% on average) by R. albus 20, whereas the adhesion of R. albus 20 was not affected by FD1. When F. succinogenes S85 and R. albus 20 were simultaneously added to cellulose, the adhesion of F. succinogenes S85 was inhibited (55% on average), while R. albus 20 adhesion was complete (Table 2 ). In contrast, no inhibition at all was observed when F. succinogenes S85 was first in contact with cellulose. When mixed together, R. flavefaciens FD1 and F. succinogenes S85 adhered somewhat less to cellulose than in monoculture (Table 3) . In sequential assays, whatever the order of addition of the species, the adhesion of neither species was affected.
Discussion
The variations observed in the adhesion of the three species in monoculture with different inocula might be due to a loss of cell integrity caused by the several centrifugations and cell resuspensions during the washings of the cells. The wider variation observed for F. succinogenes S85 may also be due to the fact that the adhesion of this strain is particularly sensitive to oxygen [15] . Though all precautions were taken to maintain anaerobiosis all along the experiment, the cell suspension was occasionally slightly oxidized (as indicated by the resazurin) during the washings of the cells. This observation might also explain the lower adhesion of F. succinogenes S85 compared with that of the ruminococci. When occasionally exposed to oxygen, this strain might require a longer time of contact with cellulose to complete adhesion. (Table 1) . Possibly, it has a greater affinity for cellulose than R. flavefaciens FD1 since it displaced bound FD1. Our results suggest that the two Ruminococcus species have the same adhesion site or physically hinder each other during their attachment. Similarly, R. albus 20 was a more successful competitor than F. succinogenes S85 when the two species were simultaneously added to cellulose, but no competition was apparent when F. succinogenes S85 was already adherent (Table 2) . Possibly, these two species have different adhesion sites, but R. albus 20 masks the adhesion sites of F. succinogenes S85. Little or no competition for adhesion was observed between R. flavefaciens FD1 and F. succinogenes S85 ( Table 3 ), indicating that these two species may have different adhesion sites. This latter result agrees with observations made on barley straw [1] .
The fact that R. albus 20 surpassed competitively the two other strains in the simultaneous assay might be due to a more rapid adhesion of this strain especially in comparison with F. succinogenes S85. This is in agreement with studies [9, 15] showing that the adhesion of the two Ruminococcus species occurred after 5 min of contact with cellulose, whereas F. succinogenes needed 30 min of contact. One could argue that, like R. albus 8, R. albus 20 might produce a bacteriocin which could have an antagonistic effect on the initial adhesion of R. flavefaciens and F. succinogenes [10] . This assumption is unlikely considering that R. albus cells were washed three times with mineral buffer prior to the competition experiments. Adhesion competition might also be due to different mediating structures. A 0.1% formaldehyde treatment of cells did not affect R. albus 20 adhesion, but strongly inhibited the two other species (data not shown), indicating that R. albus 20 adhesion might not be mediated by proteins or involves chemically protected adhesins such as glycosylated proteins [12] . On the other hand, F. succinogenes S85 adhesion is possibly mediated by several cellulose-binding proteins [3, [6] [7] [8] .
Our results could partly explain the fact that R. albus 8 totally outgrew R. flavefaciens FD1 on cellulose, but do not explain the growth domination of R. flavefaciens FD1 over F. succinogenes S85 on cellulose [11, 16] , indicating that competition for growth may involve many bacterial factors. This study focused on antagonistic interactions during initial adhesion to cellulose of the three ruminal cellulolytic bacterial species. A better knowledge of the adhesion mechanisms of these three species would lead to a greater understanding of bacterial factors involved in cellulose degradation and, subsequently, improve plant cell wall degradation.
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